Synthesis of mRNA by In vitro Transcription.
Each of the plasmids pTHis15, pTZN2H4 and pTZ27R2H11 was linearized with BamHI and transcribed using an AmpliScribe T7 transcription kit as described previously (3) . The transcribed mRNA solution was extracted successively with phenol and chloroform, followed by precipitation with 2.5 volumes of ethanol, washed with 70% ethanol and dried. The mRNAs were dissolved in RNase-free water and stored in aliquots at -80 o C. Preparation of Mono-and Bisaminocyl-tRNA CUA s. Mono-and bisaminoacyl-tRNAs were prepared by a T4 RNA ligase-mediated ligation of the chemically synthesized pdCpA derivatives with the abbreviated suppressor tRNA-C OH, the latter of which was prepared as described previously (2, 4) . Ligation reactions were carried out in 100 μL (total volume) of 50 mM Na Hepes (pH 7.5) containing 0.5 mM ATP, 15 mM MgCl 2 , 50 μg of suppressor tRNA-C OH , 1.0 A 260 unit of N-pentenoyl-protected mono-or bisaminoacyl-pdCpA derivatives (5-10-fold molar excess), 15% dimethyl sulfoxide, and 200 units of T4 RNA ligase. After incubation at 37 o C for 45 min, the reaction was quenched by the addition of 0.1 volume of 3 M sodium acetate, pH 5.2. The tRNA was precipitated by adding 2.5 volumes of cold ethanol, collected by centrifugation, washed with 70% ethanol, and dried. The tRNA was redissolved in 1 mM KOAc to a final concentration of 5 μg/μL. The efficiency of ligation was judged by gel electrophoresis at pH 5.0 (27). Deprotection of pentenoyl-containing aminoacyl-tRNAs were carried out in 100 μL of reaction mixture containing 5 μg/μL of N-pentenoylaminoacyl-tRNA, 15% tetrahydrofuran (THF), and 8 mM I 2 . After incubation at 25 o C for 50 min, the deprotected aminoacyl-tRNAs were precipitated by successive additions of 0.1 volume of 3 M NaOAc, pH 5.2, and 2.5 volumes of cold ethanol, then collected by centrifugation. The obtained tRNA pellets were washed with 70% ethanol, collected by centrifugation and dried. Deprotection of NVOC-containing aminoacyl-tRNAs was carried out at a tRNA concentration of 1 mg/mL in 1 mM potassium acetate, pH 4.5. The aminoacyltRNAs were cooled to 2°C and irradiated with a 500 W mercury-xenon lamp using both pyrex and water filters. Typically, NVOC aminoacyl-tRNAs were irradiated for 3 min. After irradiation, deblocked acylated suppressor tRNAs were ethanol precipitated from aqueous solution and dried under diminished pressure. The deprotected mono-and bisaminoacyl-tRNAs were dissolved in 1 mM KOAc to a final concentration of 5 μg/μL and stored in aliquots at -80 o C. The efficiency of ligation as well as extent of deacylation after removal of the 4-pentenoyl or NVOC protecting group from N α of the amino acid were determined by gel electrophoresis at pH 5.0 (5).
In vitro Protein Translation Reactions. Suppression of UAG stop codon at position 27 of DHFR by mono-and bisaminoacyl-tRNA CUA s was carried out using a rabbit reticulocyte lysate system (3), while suppression at positions -1 of DHFR and position 284 of firefly luciferase was performed in an E. coli S30 system (6). Suppression of UAG stop codon at position 10 of DHFR by mono-and bisaminoacyl-tRNA CUA s was carried out using both a rabbit reticulocyte lysate system (3) as well as an E. coli S30 system (6) . In a typical in vitro translation experiment using rabbit reticulocyte lysate, proteins were synthesized in 10-1000 μL reaction mixtures that contained the following per 100 μL: 70 μL of methionine-depleted, nuclease-treated rabbit reticulocyte lysate, 80 μCi of [
35 S]-S-methionine (1000 Ci/mmol), 2 μL of a solution 1 mM in 19 amino acids used in ribosomal protein synthesis (but lacking methionine), 10 μg of the appropriate mRNA, and 25 μg (~1.0 nmol) of deprotected misacylated tRNA CUA or else unacylated suppressor tRNA CUA as a control. Each reaction mixture was incubated at 30 o C for 2 h. Translation reactions using E. coli S-30 in vitro translation system were carried out in 10-2000 μL reaction mixtures that containing the following per 100 μL: 10 μg of plasmid DNA dissolved in diethyl pyrocarbonate-treated water, 40 μL of premix [35 mM Trisacetate (pH 7.0), 190 mM potassium glutamate, 30 mM ammonium acetate, 2 mM dithiothreitol, 11 mM magnesium acetate, 20 mM phosphoenolpyruvate, 0.8 mg/mL E.coli tRNA, 0.8 mM isopropyl β-D -thiogalactopyranoside, 20 mM ATP and GTP, 5 mM CTP and UTP, and 10 mM cAMP] (7), 100 μM of amino acids lacking methionine, 50 μM methionine, 40 μCi of [
35 S]-S-methionine, and 30 μL of S-30 extract that had been heat shocked at 42 o C for 6 min (6). Suppression reaction mixtures (100 μL) contained 25 μg of deprotected misacylated tRNA CUA and were incubated at 37 o C for 120 min unless otherwise indicated. Aliquots from in vitro translation reactions were removed for analysis by 15% SDS-PAGE (2). Autoradiography of the gels was carried out to determine the location of 35 S-labeled protein; quantification of the bands was carried out using a phosphorimager. Suppression efficiency was calculated as the percentage of the protein produced via nonsense codon suppression relative to the production of wild-type protein.
To study the stability of monaminoacylated and bisaminoacylated tRNAs in the translation mixture each of the deprotected mono-and bisallylglycyl-tRNA were prepared. The in vitro suppression reactions were carried out as described above using E. coli S30 extract. In one instance the plasmid was added immediately to the translation mixture while in the second case, the translation mixtures (including deprotected monoand bisallylglycyl tRNAs) were incubated at 25 °C for 30 min prior to the addition of plasmid. The translation reactions were incubated at 37 o C for 45 min after the addition of plasmid. Aliquots were removed for analysis by 15% SDS-PAGE. The amount of DHFR synthesized was determined by phosphoimager analysis.
Purification of In vitro Synthesized Proteins. In vitro translation mixtures (200 μL) containing
35 S-labeled protein were incubated with 1 μg of RNase A for 30 min at room temperature and then applied to a 200-μL DEAE Sepharose CL-6B column that had been equilibrated with 5 mM potassium phosphate buffer, pH 7.0. The column was washed sequentially with 5 vol of the following in 5 mM potassium phosphate buffer, pH 7.0, 10 mM β-mercaptoethanol and 50 mM KCl. The remaining proteins were eluted from the column with 3 volumes of 1 M KCl in 5 mM potassium phosphate buffer, pH7.0. The fractions containing radioactivity were combined and applied to a 100-μL Ni-NTA agarose column equilibrated with 300 mM NaCl, 5 mM imidazole, and 100 μg/ml BSA in 50 mM sodium phosphate, pH 8.0. After washing the column with five volumes of above equilibration buffer, the protein was eluted with eight volumes of 300 mM NaCl, 250 mM imidazole, and 10 μM BSA in 50 mM sodium phosphate, pH 8.0. The radioactive fractions were combined and dialyzed (Spectra/Por 2, MW cutoff 12-14 kDa) against 20 mM NaCl in 10 mM sodium phosphate, 10% glycerol, pH 7.0.
Quantitation of DHFR Activity. The enzymatic activity of DHFR was determined by oxidation of NADPH, the latter of which was monitored by the decrease in absorption at 339 nm according to the method of Baccanari et al (8) .
Luciferase Activity Assay. Luciferase activity assays were carried out using a commercial luciferase assay system (Promega). After translation, 5-μL aliquots of the translation reaction mixture were used in 12.5% SDS-PAGE analysis to determine the yield and suppression efficiencies of the reaction and 15-μL aliquots was added to 100 μL of the luciferase assay reagent to measure light emission using a Hitachi F2000 fluorescence spectrophotometer. To study time course of suppressing the stop codon at Ser284 of luciferase using bisamimoacyl suppressor tRNAs, translation reactions were carried out as described above using E. coli S30 extract. To a 2-mL (total volume) translation reaction, was added 500 μg of either 3'-Ala, 2'-Val-tRNA CUA (VI) or 3'-Val, 2'-Ala-tRNA CUA (V). The reactions were incubated at 37 o C. At each predetermined time point, a 200 μL-aliquot of translation mixture was taken from the reaction and quenched on ice for 10 min, concentrated at 4 o C to 15 μL using a micro-concentrator (Micocon YM-10, Millipore Corporation). The concentrated protein sample was added to100 μL of the luciferase assay reagent and light emission was measured immediately using a Hitachi F2000 fluorescence spectrophotometer.
Production and Purification of Histidine-tagged Elongation Factor Tu (EF-TuHis).
Production and purification of EF-TuHis was according to the procedure of Boon et al. (30) . E.coli strain JM109 was used for the expression of plasmid pKECAHis which contains the gene for a Histidine-tagged Elongation Factor Tu (EF-TuHis) (9) .
Analysis of complex formation between EF-TuHis • GTP and misacylated suppressor tRNA CUA . Zone-interference gel electrophoresis at native condition was used to study complex formation and was performed as described (10) . Five μM EF-TuHis•GDP was incubated at 37 o C for 10 min in electrophoresis buffer (10 mM Tris/borate, pH 7.6, and 5 mM MgCl 2 ) with 500 μM GTP, 500 μM phosphoenolpyruvate, 100 μg/mL pyruvate kinase and 100 μM of each of the following tRNAs: mono-or bisaminoacylated suppressor tRNA CUA (I, III and IV), unacylated suppressor tRNA CUA and the aminoacyltRNA prepared by the aminoacylation of bulk tRNA according to an established procedure (9) . Immediately prior to electrophoresis, 4% (by vol.) of dimethyl sulfoxide was added to the samples. The samples were subjected to horizontal 2% agarose gel electrophoresis in zones containing 64 μM of the corresponding tRNA species. EF-TuHis complex
